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NAVIGATIONAL SYSTEM AND METHOD 
UTILIZING SOURCES OF PULSED 

CELESTIAL RADIATION 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The subject invention relates to a system and method for 

navigation utilizing sources of pulsed celestial radiation. In 
particular, the present invention directs itself to a mobile 
receiver for detecting pulsed signals generated by celestial 
sources of pulsed radiation. The mobile receiver is mounted 
on a spacecraft, satellite, planetary rover, or other vehicle 
and the received pulses are used for the calculation of 
navigational data for the vehicle. More particularly, this 
invention directs itself to a clock or timer in communication 
With the mobile receiver for generating a timing signal 
corresponding to the reception and detection of the pulsed 
celestial radiation. The timing signal is used to calculate a 
time o?fset betWeen predicted and measured pulse reception 
at the mobile receiver. Incorporating predetermined models 
of the pulse arrival times Within an inertial reference frame, 
a position offset of the mobile receiver can then be deter 
mined using the time offset. 

Further, the mobile receiver is in communication With a 
digital memory system. The digital memory system stores 
information including the positions and pulse timing model 
parameters of knoWn sources of pulsed celestial radiation 
With respect to the chosen inertial reference frame. Addi 
tionally, this invention directs itself to a navigational system 
including a processing means for calculating navigational 
data of the spacecraft, satellite, planetary rover, or vehicle 
based upon the calculated time offset in combination With 
the knoWn positional and pulse timing model data of the 
sources of celestial radiation stored Within the digital 
memory system. 

2. Prior Art 
Celestial objects, or sources, have been utiliZed through 

out history as navigational aids. The motions of the Sun, 
Moon, and planets, as observed from the Earth’s surface, 
have provided the concept of time, and are a form of a 
celestial clock. Using catalogued almanac information, the 
observation of visible stars have provided travelers on the 
Earth a means to determine position information relative to 
observation stations ?xed on the Earth. As these methods 
have matured over time, and With the addition of instru 
mented time clocks, or chronometers, the performance of 
navigation methods have improved. 

Navigation of vehicles above and beyond the Earth’s 
surface have bene?tted from this knowledge of celestial 
source-based navigation. Satellites orbiting the Earth and 
spacecraft traveling throughout the Solar System have relied 
on celestial sources to successfully complete their missions. 
Additionally, celestial source navigation systems have been 
augmented With human-made systems to further increase 
vehicle and spacecraft navigation performance. In fact, a 
Wide variety of methods have been used to compute the 
navigation information of spacecraft Which have traveled 
around the Earth, through the Solar System, and beyond the 
Solar System’s outer planets, as far as the heliopause. 

Navigation of spacecraft is de?ned as determining the 
spacecraft’s three-dimensional position, velocity, and atti 
tude at a speci?c time or times. Position determination of 
near-Earth missions have included the use of ground-based 
radar and optical tracking, Earth-limb horiZon sensors, Sun 
sensors, and Global Positioning System (GPS) receivers. 
These sensors use knowledge and observations of celestial 
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2 
objects and phenomena to determine position relative to the 
Earth. The GPS system produces signals from multiple 
transmitting satellites that alloW a receiver to determine its 
position from the ranges to the transmitting satellites. Posi 
tion determination of spacecraft on interplanetary missions 
have utiliZed Doppler radar range measurements, standard 
radio telemetry, and target body imagery. Attitude, or ori 
entation, of spacecraft has typically been determined using 
magnetometers, gyroscopes, star cameras, star trackers, 
Earth-limb horizon sensors and Sun sensors. Time has often 
been determined using a clock on-board the spacecraft, or 
through periodic computer resets from ground control sta 
tions. 

Radar range and tracking systems have been the predomi 
nant system for tracking and maintaining continuous orbit 
information of spacecraft. In order to compute position of 
spacecraft, radar range systems compute the range and/ or the 
angular orientation angles to the spacecraft relative to an 
observing station. This is achieved primarily through the 
re?ection of signals transmitted from an Earth observing 
station by the space vehicle structure and measurement of 
the transmitted signal round-trip time. Although this system 
requires no active hardWare on the spacecraft itself, it does 
require an extensive ground tracking system and careful 
analysis of the measured data against an electromagnetically 
noisy background environment. Using the best knoWn posi 
tion of the observing station and processing multiple radar 
measurements, the vehicle’s orbit parameters can be com 
puted. The position of the vehicle can be propagated ana 
lytically ahead in time using standard orbital mechanics 
along With knoWn models of solar system object’s gravita 
tional potential ?eld; as Well as any knoWn disturbance or 
perturbations effects, such as object body atmospheric drag. 
This propagated navigation solution is then compared to 
subsequent radar measurements and the navigation solution 
is corrected for any determined errors. This process contin 
ues until a satisfactory navigation solution converges Which 
is Within the expedition’s required parameters. HoWever, 
vehicle maneuvers or any unaccounted for disturbances will 
affect the trajectory of the vehicle. Without exact knoWledge 
of these maneuver dynamics or disturbance effects, it is 
necessary for the propagation and radar measurement com 
parison to continue throughout the ?ight. 
As the spacecraft moves further aWay from Earth obser 

vation stations, the error in navigational data increases. To 
achieve the necessary range determination, the radar system 
requires knoWledge of the observation station’s position on 
the Earth to great accuracy. With sophisticated surveying 
systems, including GPS, such accuracy may be achieved. 
HoWever, even With this precise knoWledge, the position 
measurement can only be accurate to a ?nite angular accu 
racy. The transmitted radar beam, along With the re?ected 
signal, travels in a cone of uncertainty. This uncertainty 
degrades the position knoWledge in the transverse direction 
of the vehicle as a linear function of distance. As the vehicle 
gets more distant, any ?xed angular uncertainty reduces the 
knoWledge of vehicle position, especially in the tWo trans 
verse axes relative to the range direction. Even utiliZing 
interferometry, using the difference betWeen multiple signals 
compared at tWo ranging stations, the angular uncertainty 
rapidly groWs above acceptable limits. 

Alternatively, many deep space spacecraft have employed 
active transmitters to be used for navigational purposes. The 
radial velocity is measured at a receiving station by mea 
suring the Doppler shift in the frequency of the transmitted 
signal. The spacecraft essentially receives a “ping” from the 
Earth observation station and re-transmits the signal back to 
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the Earth. Although improvements in the range measure 
ment are made utilizing such system, transverse axis errors 
still exist, and this method has errors that also groW With 
distance. 

Optical tracking measurements for spacecraft position 
and orbit determination are completed in a similar fashion as 
radar tracking. Optical tracking uses the visible light 
re?ected off a vehicle to determine its location. Some optical 
measurements require a photograph to be taken and the 
vehicle’s position is calculated after analysis of the photo 
graph and comparison to a ?xed star background. Real-time 
measurements using such systems are typically not easily 
achieved. Additionally, optical measurements are limited by 
favorable Weather and environmental conditions. Because 
most missions have been oriented around planetary obser 
vation, augmentation to the ranging navigation system can 
be made Within the vicinity of the investigated planet. By 
taking video images of the planet and comparing to knoWn 
planetary parameters (such as diameter and position), the 
video images can determine position of the spacecraft rela 
tive to the planet. Since, often the objective is to orbit the 
planet, only relative positioning is needed for the ?nal phase 
of the ?ight and not absolute position. 

To aid the position determination process, an accurate 
clock is a fundamental component to most spacecraft navi 
gation systems. On-board clocks provide a reference for the 
vehicle to use as its oWn process timer and for comparison 
to other time systems. Atomic clocks provide high accuracy 
references and are typically accurate to Within one part in 
109*10l5 over a day. As calculated by Melbourne in “Navi 
gation BetWeen the Planets”, Scientific American, Vol. 234, 
No. 6, June 1976, pp. 58*74, in order to track radio signals 
at accuracies of a feW tenths of a meter, a clock With 
nanosecond accuracy over several hours is needed. This 
requires the clock to be stable Within one part in 1013' As 
early chronometers helped improve navigation over the 
Earth’s ocean, more accurate chronometers Will help navi 
gation through the solar system. 

To gain increased autonomy in spacecraft operation, it is 
desirable to develop systems other than the operationally 
intensive human-controlled radar and optical position deter 
mination methods. Seeking methods that employ celestial 
sources, Which provide positioning capabilities and do not 
require labor-intensive operations, remain attractive. 

In order to navigate using celestial objects, precise knoWl 
edge of their positions relative to a de?ned reference frame 
at a selected time epoch is required. Catalogued ephemeris 
information of solar system objects provide this position 
information. The Sun, Moon, and planets all translate Within 
the solar system in a reference frame vieWed from the Earth. 
Since the orbits of the objects are Keplerian, and nearly 
circular, this translational motion is nearly periodic, repeat 
ing after a certain elapsed time span. It is exactly this 
periodicity that leads to the concept of time. The motion of 
these objects, or their angular displacement in their orbit, 
can be interpreted as a clock measuring time. 

Although seemingly “?xed” With respect to a frame on the 
Earth, the visible spectrum stars can also provide a mea 
surement of time and, therefore, can be interpreted as a 
navigational reference. In this case, hoWever, it is the Earth 
or spacecraft that provides the time measurement, by rotat 
ing or translating With respect to the ?xed background of 
stars. The extremely large distances to the stars in the Milky 
Way galaxy and other galaxies essentially create the illusion 
that the stars are ?xed. Just as the solar system rotates, 
hoWever, so does the Milky Way rotate and the Galaxy 
translates With respect to neighboring galaxies. Thus, objects 
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4 
are continually speeding aWay and toWards the Earth at all 
times. HoWever, the motion of the stars is so sloW compared 
to many other measurements of time that this motion is 
perceived as ?xed. 

In addition to providing a measure of time, just as humans 
“triangulate” their Earth position relative to identi?able 
landmarks, it is conceivable to use persistent star light as 
markers for triangulating position. Observing knoWn stars 
alloWs a spacecraft to initially estimate its orientation and 
begin a process of determining its position relative to 
another object. HoWever, due to the large number of visible 
stars, detecting speci?c stars can be time-consuming due to 
necessary almanac database searches. Also, since there is no 
method of determining “When” the visible light Was sent 
from the stars and because the stars are located so far aWay, 
determining range information from an individual star to 
help “triangulate” a spacecraft’s position is problematic. 
Only during the instance of occultation, or When a knoWn 
celestial body passes in front of a selected star While it is 
being vieWed, alloWs a dependable method of position 
determination directly from star light. 

HoWever, individual stars that do have a uniquely iden 
ti?able signal, Whose signals are periodic, can be utiliZed 
directly as celestial sources for navigation purposes. 

Astronomical observations have revealed several classes 
of celestial objects that produce unique signals. A particu 
larly unique and stable source is generated by pulsars. It is 
theoriZed that pulsars are rotating neutron stars. Neutron 
stars are formed When a class of stars collapse, and from 
conservation of angular momentum, as the stars become 
smaller, or more compact, they rotate faster. Neutron stars 
rotate With periods ranging from 1.5 ms to thousands of 
seconds. A unique aspect of this rotation is that for certain 
classes of pulsars, the rotation can be extremely stable. The 
most stable pulsars have stabilities on the order of 10-14 
When measured on time scales of a year, Which is compa 
rable to the best terrestrial atomic clocks. No tWo neutron 
stars have been formed in exactly the same manner, thus 
their periodic signatures are unique. Because pulsars provide 
signals that are unique, periodic and extremely stable, they 
can assist in navigation by providing a method to triangulate 
position from their signals. Pulsars can be observed in the 
radio, optical, X-ray, and gamma-ray ranges of the electro 
magnetic spectrum. 

DoWns, in “Interplanetary Navigation Using Pulsating 
Radio Sources”, NASA Technical Reports, N74-34150, Oct. 
1, 1974, pp. 1e12, presented a method of navigation for 
orbiting spacecraft based upon radio signals from a pulsar. 
HoWever, both the radio and optical signatures from pulsars 
have limitations that reduce their effectiveness for spacecraft 
missions. In order to be effective, optical pulsar-based 
navigation systems Would require a large aperture to collect 
suf?cient photons, since feW pulsars exhibit bright optical 
pulsations. The large number of visible sources requires 
precise pointing and signi?cant processing to detect pulsars 
in the presence of bright neighboring objects. This is not 
attractive for vehicle design. At the radio frequencies Which 
pulsars emit (~100 MHZifeW GHZ) and With their faint 
emission, large antennae (likely 25 m in diameter or larger) 
Would be required, Which Would be impractical for most 
spacecraft. Also, neighboring celestial objects, including the 
Sun, Moon, close stars, and Jupiter, as Well as distant 
objects, such as supernova remnants, radio galaxies, quasars, 
and the galactic diffuse emissions are broadband radio 
sources that could obscure the Weak pulsar radio signals, as 
shoWn by Wallace in “Radio Stars, What They Are and The 
Prospects for Their Use in Navigational System”, Journal of 
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Navigation, Vol.41, September 1988, pp. 3584374. The loW 
radio signal intensity from pulsars Would require long signal 
integration times for an acceptable signal to noise ratio. 

Chester and Butman in “Navigation Using X-Ray Pul 
sars”, NASA Technical Reports, N81-27129, Jun. 15, 1981, 
pp. 22425, propose the use of pulsars emitting in the X-ray 
band as a better option for navigation. Antennae on the order 
of 0.1 m2 could be used for X-ray detection, Which is much 
more reasonable than a large radio antenna. Additionally, 
there are feWer X-ray sources to contend With and many 
have unique signatures, Which do not get obscured by closer 
celestial objects. One complicating factor is that many X-ray 
sources are transient in nature. The transient sources are only 
detectable at irregular intervals as a result of a modulation in 
the accretion rate onto the celestial source. The “steady” 
sources (such as all of the rotation-poWered pulsars) Would 
typically be used for navigation. By cataloging pulsar posi 
tions and recording their signal periodicity and identifying 
parameters, as Well as the data from other types of pulsed 
celestial radiation sources, a table of candidate stars can be 
created for use in navigation. These catalogs can then be 
stored in data memory format for use by algorithm processes 
onboard vehicles that detect pulsed radiation signals. Main 
tenance of these catalogs, and timely dissemination of data 
updates, is required for a high performance navigation 
system. 

SUMMARY OF THE INVENTION 

The present invention provides for a system and method 
for navigation utiliZing sources of pulsed celestial radiation. 
The system includes a mobile receiver for detecting signals 
of pulsed celestial radiation. The mobile receiver is in 
communication With a clock or timer for generating a timing 
signal corresponding to the reception of the pulses. A 
processing means calculates a time offset betWeen predicted 
and measured time of reception of the pulsed celestial signal 
With respect to a chosen inertial reference frame. The 
processing means is further in communication With a digital 
memory system that stores positional data of knoWn sources 
of pulsed celestial radiation. Using the position data along 
With the calculated time offset, the processing means can 
calculate navigational data for the spacecraft, satellite, plan 
etary rover, or other vehicle upon Which the mobile receiver 
is mounted. 

It is a principal object of the subject system and method 
for navigation utiliZing sources of pulsed celestial radiation 
to provide a navigational system utiliZing a displaceable 
receiver means for detecting signals generated by a plurality 
of sources of pulsed celestial radiation. 

It is a further objective of the subject invention to provide 
a timer means in communication With the displaceable 
receiver means for generating time of arrival signals corre 
sponding to the time of detection of each signal. 

It is a further objective of the subject invention to provide 
a navigation system utiliZing sources of pulsed celestial 
radiation including a processor means for computing navi 
gational data based upon a calculated distance betWeen the 
displaceable receiver means and a reference point in a 
chosen inertial reference frame. 

It is an important objective of the present invention to 
provide a navigation system including a digital memory 
system in communication With the processor means, the 
digital memory system having positional data and pulse 
pro?le characteristics of knoWn sources of pulsed celestial 
radiation stored therein. 
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It is a further important objective of the present invention 

to provide a system and method for navigation utiliZing 
sources of pulsed celestial radiation Where the processing 
means computes navigational data of a vehicle upon Which 
the displaceable receiver means is mounted based upon the 
calculated time offset and the knoWn positional data of the 
celestial signal sources. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic vieW of the subject system for 
navigation utiliZing sources of pulsed celestial radiation; 

FIG. 2 is a data plot illustrating the stability of several 
atomic clocks; 

FIG. 3 is a data plot illustrating the time stability of tWo 
millisecond pulsars; 

FIG. 4 is a data plot illustrating measured signal intensity 
generated by a sample pulsar; 

FIG. 5 is a data plot illustrating measured intensity 
generated by a second knoWn pulsar; 

FIG. 6 is a schematic vieW of the navigational system 
mounted on a spacecraft; 

FIG. 7 is a schematic illustration of the geometrical 
calculations carried out by the navigational system; 

FIG. 8a is a side vieW of the navigational system; 
FIG. 8b is a top vieW of the navigational system; 
FIG. 80 is a bottom vieW of the navigational system; 
FIG. 9 is a How chart for the method of navigation 

utiliZing a source of pulsed celestial radiation; 
FIG. 10 is a plot shoWing the measured pulse pro?le from 

a short observation of the Crab Pulsar; and, 
FIG. 11 is a schematic vieW of an alternative embodiment 

of the subject system for navigation utiliZing sources of 
pulsed celestial radiation. 

DESCRIPTION OF THE PREFERRED 
EMBODIMENTS 

I. OvervieW 
Referring noW to FIG. 1, there is shoWn a navigational 

system 10 for calculating position data of a satellite 12 or 
other displaceable receiving platform based upon a signal 14 
generated by a celestial body 16. Although shoWn in FIG. 1 
as a pulsar, the celestial body 16 can be any celestial body 
or source of a pulsed electromagnetic signal. 

II. Pulsed Celestial Sources 
Although Earth-based navigational systems, such as the 

Global Positioning System (GPS) provide navigational data 
including time, latitude, longitude, altitude, and attitude of a 
body on Earth, such systems have a limited scope of 
operations for vehicles moving and operating relatively far 
from the planet Earth. The system 10, hoWever, utiliZes 
celestial sources, such as pulsars, to provide a stable, pre 
dictable and unique signature signal in order to operate and 
navigate beyond the in?uence of the planet Earth. 

Pulsars Were initially discovered by HeWish, et al. in 1968 
during a sky survey of scintillation phenomena due to 
inter-planetary plasma in the radio frequency range of 
approximately 100 MHZ. Among the expected random 
noises emerged signals timed at regularly spaced intervals 
having periods of approximately one second. These periods 
Were soon established to an accuracy of six or seven digits, 
making them one of the best determined astronomical con 
stants outside the solar system. Although the exact nature of 
pulsars is not yet knoWn, it is theorized that pulsars are 
rotating neutron stars. 
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A neutron star is the remnant of a massive star that has 
exhausted its nuclear fuel and undergone a supernova explo 
sion. When the remaining mass of the core is betWeen 1.4 
and three times the mass of the sun, it collapses onto itself 
under its oWn gravity and a small extremely dense object is 
formed. This object lacks the necessary mass to become a 
black hole and it remains a stellar object formed largely of 
neutrons. Neutron stars are believed to be betWeen 18 and 30 
km in diameter. Formed With an outer crust, the neutron stars 
are theoriZed to contain a neutron super?uid. Due to con 

servation of angular momentum, as these objects collapse, 
they begin to rotate at a faster rate. The young neutron stars 
typically rotate With periods on the order of tens of milli 
seconds While older neutron stars eventually sloW doWn 
having periods on the order of several seconds. A unique 
aspect of this rotation is that it can be extremely stable and 
predictable. The variance from the predicted spin rate can be 
as loW as one part in 1014, Which is comparable to the 
accuracy found in atomic clocks. 

Neutron stars further produce immense magnetic ?elds. 
Under the in?uence of these strong ?elds, charged particles 
are accelerated along the ?eld lines to extremely high 
energies. As these charged particles move in the pulsar’s 
strong magnetic ?eld, poWerful beams of electromagnetic 
Waves are radiated out from the magnetic poles of the star. 
If the neutron star’s spin axis is not aligned With its magnetic 
?eld axis, then an observer Will sense a “pulse” of high 
energy photons as the magnetic pole sWeeps across the 
observer’s line of sight to the pulsar. It is theoriZed that these 
neutron stars and their respective pulses form What We knoW 
as pulsars. Since no tWo neutron stars are formed in exactly 
the same manner, the pulse frequency and shape produce a 
unique identifying signature for each pulsar. Due to their 
unique pulses, pulsars can act as natural beacons, or “celes 
tial lighthouses”, on an intergalactic scale, thus alloWing for 
their use as navigational aids, such as in system 10 of FIG. 
1. 
Many of the X-ray pulsars are “rotation-powered” pul 

sars, Which are isolated neutron stars Whose energy source is 
the stored rotational kinetic energy of the star itself. In 
addition to these rotation-poWered pulsars, tWo other types 
of pulsars exist: “accretion-powered” pulsars and “anoma 
lous pulsars”. Accretion-poWered pulsars are neutron stars in 
binary systems Where material is being transferred from the 
companion star onto the neutron star. This ?oW of material 
is channeled by the magnetic ?eld of the neutron star onto 
the poles of the star, Which creates hot spots on the star’s 
surface. The pulses are a result of the changing vieWing 
angle of these hot spots as the neutron star rotates. These 
accreting pulsars are often subdivided into those With a high 
mass (typically 10*30 solar masses) or loW mass (typically 
less than one solar mass) companions. The anomalous X-ray 
pulsars are poWered by the decay of their immense magnetic 
?elds (approximately 10l‘L10l5 Gauss). 

In addition to pulsars, such as pulsar 16 shoWn in FIG. 1, 
other variable pulsed celestial objects exist and can be used 
for spacecraft navigation. Many of these objects are highly 
variable in intensity and often employ different energy 
sources for their X-ray emissions. Such sources include 
active galactic nuclei, algol type stars, atoll sources, binary 
variable stars, black hole candidates, bursters, coronal 
sources, cataclysmic variables, galaxy clusters, galactic 
ridge emissions, globular clusters, soft gamma repeaters, 
supernova remnants, White dWarf stars, and Z sources. 
Although these alternate X-ray sources have some desirable 
characteristics for use in navigation, some do not have 
detectable periodic or variable pulsations and others intro 
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8 
duce additional complexities for signal processing and time 
of-arrival determination. Whereas pulsars have reduced 
complexity, and are thus preferred as navigation beacon 
sources, all sources that produce predictable variable pat 
terns can be implemented into the spacecraft navigation 
scheme. 
Although nearly all rotation-poWered pulsars are constant 

in intensity, the accreting pulsars and most other X-ray 
source classes often exhibit highly aperiodic variability in 
intensity that limits their usefulness for precise time and 
position determination. Additionally, many are unsteady, or 
“transient”, sources With a large range of duty cycles. 
Sources With X-ray ?ares of signi?cant magnitude are also 
occasionally detected, Which are high intensity signals last 
ing for short periods. Since neutron stars contain a solid 
crust and a super ?uid interior, exchanges of angular 
momentum betWeen the tWo materials can cause unpredict 
able “star-quakes”, or “glitches”, Which can signi?cantly 
vary the spin rates of the stars. A navigational system that 
utiliZes pulsars Would have to address the transient, ?aring, 
and glitch aspects of these sources. Additionally, as the 
diffuse X-ray background Would be present in all observa 
tions, a navigation system that utiliZes pulsed X-ray celestial 
sources must address the presence of this background noise 
in its data processing. 

Although many pulsars radiate at radio, optical, X-ray and 
gamma-ray Wavelengths, not all have this feature. As X-ray 
and gamma-rays are di?icult to detect on the ground due to 
the absorption of these Wavelengths by Earth’s atmosphere, 
detection Within these bands requires observation to be made 
above the atmosphere. This complicates the detection and 
parameter veri?cation of X-ray sources. Additionally, many 
X-ray sources are faint and require sensitive instruments to 
detect. 

Unlike human-made systems, such as the GPS, the dis 
tances to X-ray sources are not knoWn to an accuracy that 
Would alloW them to be utiliZed as a ranging mechanism. 
HoWever, the Galactic latitude and longitude of the X-ray 
sources can be determined With high precision. Most sources 
are located Within our Galaxy, but still are very far from our 
solar system. Also, With many sources located Within the 
Milky Way galactic plane, there are a limited number of 
bright sources that could provide olT-axis triangulation for 
position determination. 

Ill. X-Ray Source Observations 
Since the discovery of the ?rst non-solar cosmic X-ray 

source, numerous balloon, rocket, and satellite borne instru 
ments have surveyed the sky. Table 1 provides a list of X-ray 
source survey missions. Di?ferent X-ray missions have 
observed the X-ray sky in various energy ranges, depending 
on instrument characteristics or mission goals. 

TABLE 1 

Mission Name Mission Operation Energy Range (keV) 

Vela 5B l969il979 3*750 
UHURU 1970*l 973 2*20 
OSO-7 l97lil974 l*l0,000 
Skylab l973il979 0.1413 
ANS l974il977 0 li30 
Ariel V l974il980 03.410 
OSO-S l975il978 0.l5*1000 
SAS-3 l975il979 0.1*60 
HEAO 1977*l 979 0.2*l0,000 
Einstein 197191981 0.2i20 
Hakucho 1979*l985 0.l*100 
Tenma l983il984 0.1*60 
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TABLE l-continued 

Mission Nalne Mission Operation Energy Range (keV) 

EXOSAT 198341986 0.05420 
Ginga 198741991 14100 
Granat 198941998 2*100,000 
ROSAT 199041999 0.1425 
ASCA 199342001 0.4410 
DXS 1993 0.154028 
RXTE 1995*Present 24250 
BeppoSAX 199642002 0 14300 
USA 199942000 1415 
XMM 1999*Present 0.1415 
Chandra 1999*Present 0. 1410 

During the late 1970’s, the HEAO mission detected 842 
X-ray sources Within the 0.2il0 keV range. The German 
X-ray observatory ROSAT completed the latest comprehen 
sive all-sky survey of the X-ray sky in the year 2000. This 
mission has detected 18,806 bright sources (above 0.05 
X-ray photon counts per second in the 0.1*2.4 keV range), 
and detected a signi?cant number of sources (105,924 
objects) in its faint all-sky X-ray survey. 

The Australia Telescope National Facility has recently 
completed the most comprehensive radio pulsar study to 
date in their Parkes Multibeam Pulsar Survey. This survey 
has increased the number of knoWn radio pulsars from 558 
to over 1,400. Many of these neWly detected radio pulsars 
most likely radiate in the X-ray band, Which adds to the 
number of potential pulsar navigation sources. By compar 
ing various catalogs and published Works, celestial sources 
can be investigated for their potential use in navigation 
systems. 

X-ray sources exist throughout the sky. Distances to X-ray 
objects in our Galaxy range from several parsecs to thou 
sands of parsecs (1 parsec:3.262 light years:3.086><10l6 
m.). Most of the rotation-powered pulsars are detected 
Within the Galaxy, With the rest being in the Magellenic 
Clouds. Magnetic ?elds of these objects range from several 
thousand to 1014 Gauss (by comparison, the Sun’s magnetic 
?eld is a feW tens Gauss in magnitude). Pulse periods range 
from betWeen 0.0016 to 0.53 seconds for the rotation 
poWered pulsars, and from 0.034 to 10,000 seconds for 
accretion-powered pulsars. 
As some pulsars have been observed for several decades, 

it has been shoWn that the stability of their spin rates 
compares Well to the quality of today’s atomic clocks. FIGS. 
2 and 3 provide comparison plots of the stability of atomic 
clocks and several pulsars measured in a third-order Allan 
Variance. The data for the plot of FIG. 2 comes from D. N. 
Matsakis, J. H. Taylor, and T. Marshall Eubanks, “A Statistic 
for Describing Pulsar and Clock Stabilities”, Astronomy and 
Astrophysics, Vol. 326, 1997, pg. 924*928. The data for the 
plot in FIG. 3 comes from V. M. Kaspi, J. H. Taylor, and M. 
F. Ryba, “High-Precision Timing of Millisecond Pulsars. III. 

Long-Term Monitoring of PSRs B1855+09 and B1937+21 Astrophysical Journal, Vol. 428, June 1994, pg. 713*728. 

An accurate clock is a fundamental component in a 
spacecraft navigational system. On-board clocks provide a 
reference for a vehicle’ s process timer and for comparison to 
other time systems, and are critical for on-board systems 
such as communications. Atomic clocks provide high accu 
racy references and are typically good to Within one part in 
109*10l5 over a day. In order to track the motion of radio 
signals at accuracies of a feW tenths of a meter, a clock With 
nanosecond accuracy over several hours is needed. This 
requires the clock to be stable to Within one part in 1013. 
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FIG. 3 illustrates that several pulsars meet the stability 
requirement. Older pulsars, particularly those that have 
undergone a long period of accretion in a binary system that 
spins them up to a millisecond period (the so-called 
“recycled pulsars”) have extremely stable and predictable 
rotation rates. 

IV. Pulse Pro?les and Arrival Times 
Source pulse pro?les vary in amplitude, duration, number 

of peaks, and stability depending upon the nature of the 
pulsar. This uniqueness can aid in the identi?cation of an 
individual source. Typically, standard pro?le templates are 
created by observing a source over long durations and 
“folding”, or synchronously averaging, at the pulse period. 
This folding process produces a pulse pro?le With a very 
high signal-to-noise ratio, and using this standard pro?le, 
characteristics of the pulse can then be determined, such as 
period length, amplitude and variability. 

FIG. 4 illustrates an image of a standard template for the 
Crab Pulsar (PSR B0531+21) in the X-ray band (2*10 keV). 
The intensity of the pro?le is a ratio of count rate relative to 
average count rate. This image shoWs tWo cycles of the 
pulse, With one main pulse and a secondary pulse at a loWer 
amplitude. The period of this pulse is approximately 33.4 
milliseconds (Epoch 48743.0 MJD) and several period 
derivatives have been detected. FIG. 5 shoWs an image of 
the pulse pro?le of PSRB1509-58. TWo cycles are also 
shoWn for this pulsar, With a pulse period of approximately 
150.23 milliseconds (Epoch 48355.0 MJD). 

Pulsars are timed by comparing measured pulse time of 
arrival (TOA) With those predicted by a model. A TOA 
measurement is made by observing a pulsar for a short 
period of time and producing a folded pro?le. The observed 
pro?le Will dilfer from the standard pro?le template, s(t), by 
several factors. Typically, the observed pulse Will vary by a 
bias, b, a scale factor, k, and some random noise 11(t), Which 
in the case of X-ray observations is typically dominated by 
Poisson counting statistics. The relationship betWeen the 
observed pulse p(t) and the standard template is given by: 

p(t):b+k-s(t—1:)+*r](t) (1) 

Where '5 is the time o?‘set betWeen the tWo pro?les that are 
to be measured. The TOA determination process consists of 
Fourier transforming the observed and standard pro?les and 
minimizing the ?tting values to compute the bias, scale 
factor, and TOA. The TOA determination process is 
described in further detail beloW. Additionally, depending on 
the chosen reference time for a speci?c navigation system 
application, the time measured by the clock 24 may need to 
be referenced to a terrestrial time standard, such as Coor 
dinated Universal Time (UTC), or Temps Atomique Inter 
national (TAI International Atomic Time) and the necessary 
time corrections are added accordingly. 

V. Measurement of TOA 
The fundamental measurable quantity of a pulsar-based 

navigation system is the time of arrival (TOA) of a pulse at 
the detector 22 as referenced to the clock 24. The detector 22 
records the time of each individual X-ray photon With 
respect to the clock 24 to some high precision, on the order 
of one microsecond or better. Let the recorded time of the 
nth photon be tn. During a total integration time, T, a large 
number of photons N Will have their arrival time measured 
by the clock 24 and recorded. Individual photon arrival 
times from tO to tN are then converted to their equivalent time 
as the SSBC, as described in Section VII beloW, and 
“folded” at the predicted pulse period of the pulsar based on 
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the timing model for the pulsar. Abinned pulse pro?le is then 
constructed by dividing the pulse phase into M equal bins 
and dropping each of the N photons into the appropriate 
phase bin. Such a measured pro?le is illustrated in FIG. 10. 

The TOA is then determined by measuring the offset 
betWeen the phase of the measured pro?le With respect to the 
high signal-to-noise standard pro?le template for that 
source. This is based on the assumption that, after averaging 
a suf?ciently large number of pulses, a pulse pro?le recorded 
in the same energy range is invariant With time. Thus, the 
phase Zero point on the template pro?le sets the de?nition of 
phase Zero for that source. The template can be aligned With 
an arbitrary point in the pro?le as phase Zero, but tWo 
conventions are commonly used. Either the peak of the main 
pulse can be aligned as phase Zero, or the pro?le can be 
aligned such that the phase of the fundamental component of 
its Fourier transform is Zero. The latter method is preferred 
(Which reduces to the former in the case of a single 
symmetric pulse pro?le) because it is more precise and 
generally applicable, and alloWs for easy construction of 
standard templates by measuring the phase of the funda 
mental Fourier component and then applying a fractional 
phase shift to the pro?le. 

It is important to determine the TOA With an accuracy that 
is determined by the signal-to-noise ratio of the pro?le, and 
not by the choice of the bin siZe. A standard cross-correlation 
analysis does not alloW this to be easily achieved. HoWever, 
the method given by J. H. Taylor, “Pulsar Timing and 
Relativistic Gravity”, Philosophical Transaction of Royal 
Society (London A), Vol. 341, 1992, pp. 1174134, is inde 
pendent of bin siZe and can be implemented into the navi 
gation system. The technique employs the time shifting 
property of Fourier transform pairs. 

The Fourier transform of a function shifted by an amount 
'5 is the Fourier transform of the original function multiplied 
by a phase factor of e2m'l 1. Since the measured pro?le dilfers 
from the template by a time shift and a scale factor plus 
random noise, as in Eq. (1), it is straightforward to transform 
both the pro?le and the template into the Fourier domain. 
The parameters in Eq. (1) are then easily determined by a 
standard least-squares ?tting method. The ?nal measured 
TOA of the pulse is then determined by adding the ?tted 
offset '5 to the recorded start time of the integration, to. 

VI. Pulse Phase Timing Models 
In order to predict When pulses are expected to arrive at 

an observing station, a pulsar phase timing model must be 
developed. In order to compute accurate arrival times of 
pulses, measurements must be made relative to an inertial 
frame; i.e., a frame unaccelerated With respect to the pulsars. 
As most observations are typically made on the Earth, or in 
a spacecraft moving about the Earth, such as satellite 12 
shoWn in FIG. 1, this data collected While in a moving frame 
must be transferred to an inertial frame. General relativity 
theory provides a means of transferring this data to an 
inertial frame, and these equations relate the emission time 
of photons that emanate from a source as the photons travel 
through curved space-time to the arrival at a station. 

The parameteriZed post-NeWtonian (PPN) frame provides 
one option of an inertial frame and a reference time for 
accurate pulse timing. Several astronomical observatories 
use the PPN frame. Additionally, a frame exists that sim 
pli?es some of the general relativistic equations. This frame, 
the Temps Dynamique Baricentrique (TDB-Barycentric 
Dynamical Time), has its origin at the solar system bary 
center (SSBC). This origin is just outside the surface of the 
Sun, as shoWn in FIG. 1, and is the center of mass of the 
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12 
solar system. FIG. 1 shoWs the relationships of pulses 14 
from pulsars to the inertial TDB frame and to a spacecraft 12 
orbiting the Earth 20. The positions of the spacecraft 12 and 
the center of the Earth 20 relative to the SSBC are shoWn. 
Earth-based telescopes or Earth-orbiting spacecraft can ini 
tially use terrestrial time standards to reference their obser 
vation. Then a transformation, derived beloW, can be utiliZed 
to convert from terrestrial time to TDB time. 

The phase, 4), of arriving pulses can be detected at the 
SSBC using a pulsar-phase model given by 

1 . 2 1 .. 3 (2) 
$0) = ¢(To) + w(l— To) + 510(1- To) + 610(1- To) 

knoWn as the “pulsar spin equation”, or “pulsar spin doWn 
laW”, Where t is the time of observation, T0 is the reference 
epoch, and u), u), u) are the pulse frequency and its deriva 
tives. This equation can also be represented using period, P, 
(also angular velocity 9:27am) using the folloWing relation 
ships, 

Eq. (4) alloWs the determination of the phase of a pulse 
signal at a future time t, relative to a reference epoch To. 
Thus, at time t, it is possible to predict When the peak 
amplitude of the pulsar signal is expected to arrive at the 
SSBC. HoWever, as no detectors exist at the SSBC, obser 
vation corrections must be made to alloW Eq. (4) to be used 
for predicting pulsar pulse arrivals at the actual detector 
location. The model shoWn in Eq. (4) utiliZes periods and its 
?rst tWo derivatives, hoWever, any number of derivatives 
can be used depending on What is required to model a 
particular pulsar’s timing behavior. Many more parameters 
may be required for some pulsars, such as those in binary 
systems. The accuracy of the model prediction depends on 
the quality of the knoWn timing model parameters and on the 
intrinsic noise of the pulsar rotation. 

VII. Reference Origin Olfset Correction 
In order to adequately model pulsar signals, an inertial 

frame must be chosen for signal timing, and the SSBC can 
be utiliZed. A navigation system on a spacecraft, such as 
spacecraft 12, Would be comprised of a sensor that Would 
detect pulsar signals at the spacecraft location and a clock 
that Would time these signals relative to a terrestrial time 
standard. FIG. 6 illustrates spacecraft 12 of FIG. 1 receiving 
the pulses 14 generated by pulsar 16. A pulse sensor 22 is 
mounted on spacecraft 12, as is a clock 24. If the spacecraft 














